Transition metal (TM) nitride-based thin films with applications, ranging from protective layers on high-speed cutting tools 1, 2 to diffusion barriers in electronics, 3, 4, 5 are typically grown by physical vapor deposition (PVD). Low homologous temperatures (Ts/Tm < 0.3, where Ts and Tm stand for the substrate and the melting temperature, respectively) together with extremely high cooling rates (on the order of 10 13 K/s) during the vapour condensation on the film surface, result in growth conditions far from thermodynamic equilibrium. 6 This allows for synthesis of metastable phases with unique properties which paves the ground for heavily researched field. 7 The presence of carbon impurities is regularly confirmed during surface analysis by xray photoelectron spectroscopy (XPS) in binary and ternary transition metal nitride films grown
by PVD techniques such as magnetron sputtering, 8, 9, 10, 11, 12, 13, 14 or cathodic arc evaporation. 15, 16, 17, 18, 19, 20 Often this is attributed to the post deposition atmosphere exposure and labeled as adventitious carbon adsorbed at the surface and/or at grain boundaries, hence, excluded from the discussion of microstructure -property relationships of the as deposited thin films. C 1s core-level signal is only used (if at all) for binding energy (BE) scale calibration, 9, 12, 13, 17, 19, 20 and spectra are published only occasionally, typically with a rather poor signal-to-noise ratio that prevents complete chemical state identification. Here it is shown that in addition to adventitious carbon another previously overlooked carbon population exists. and Ar/N2 gas mixture with N2 partial pressure pN2 = 5. of C-C/C-H-type carbon that eventually dominates the signal and leads to severe attenuation of the carbide signature which is barely detectable after one week. Thus, the here reported observation of carbide species was enabled by minimizing the air exposure time.
In order to exclude possibility that TiC forms upon contact with air rather than during film growth, an additional TiN layer is deposited and Al-capped in-situ in the deposition system prior to air-exposure. Recent studies showed that 15-Å-thick Al capping layer provides effective barrier to TiN sample oxidation. 21 Here, we employ thicker capping, dAl = 56 Å, Interestingly, the C 1s spectrum obtained after thinning the Al-capping layer possess very clear signatures of the carbide formation (see the inset in the upper panel of Fig. 3(a) ) at 282.1 eV, i.e., exactly the same BE as previously identified for the as-deposited TiN films (cf. Fig.   1 ). This peak stays intact and dominates C 1s signal once the Al-capping layer is completely It is beyond the scope of this letter to reveal the source of carbon contaminants that eventually lead to unintentional carbide formation. Under typical HV growth conditions employed in this work several sources of C are possible, with two perhaps most obvious choices being residual gas molecules and target contaminants. Dissociation of residual C=O molecules upon contact with TiN film surface can be expected based on the results of ab initio studies performed for the CO2/TiAlN system. 34 In addition, C=O can dissociate upon electron impact in low pressure discharge (bond dissociation energy is 11.2 eV) 35 constituting alternative source of free carbon. Moreover, the apparently low level of target contaminants specified by the vendors (here < 0.1 %), can be misleading as light elements like C are preferably sputtered along the target normal, 36, 37 so their content in the film might be significantly higher than in the target, especially for lower values of pressure×distance product. Since both, the background system pressure and the target purity level used in this work are typical for industrial processing it is reasonable to assume that the unintentional carbide formation reported here for the growth of TiN, ZrN, and HfN, takes also place for other industrially-grown functional coatings with an affinity for carbon.
In conclusion, high-energy-resolution x-ray photoelectron spectroscopy analyses of group IVb transition metal nitride films grown by magnetron sputtering under typical industrial process conditions give direct evidence for the unintentional formation of carbides on the sub at.% level. By capping the freshly deposited films in situ we were able to trace the carbon chemical state evolution and show that carbide formation takes place during the film growth rather than upon air exposure. Our results show that the chemical state of C impurities in PVDgrown films should be carefully investigated. 
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